4. The ratio of potassium to sodium decreased significantly with advancing age in kidney and heart tissue.
In the first paper of this series we reported on a systematic scheme of analysis for determining quantitatively the activity of urea-cycle enzymes in liver extracts of ureotelic animals (Brown & Cohen, 1959a) . Application of this method to livers of Rana cate8beiana tadpoles revealed the induction of the cycle at the onset of metamorphosis (Brown & Cohen, 1958 , 1959b . It was also found that the activity of the urea-cycle enzymes could account for the rate of urea synthesis by anuran liver as judged by the rate of urea excretion by intact, metamorphosing tadpoles. This offered final and convincing evidence that the urea cycle as formulated in Fig. 1 (see Brown & Cohen, 1958; Cohen & Brown, 1959; Ratner, 1954 Ratner, , 1955 represents the sequence of reactions for the biosynthesis of urea by a ureotelic organism. Moreover, the favourable free-energy changes associated with the * Part 2: Brown & Cohen (1959b). individual steps of the cycle demonstrate the thermodynamic feasibility of these reactions (Cohen & Brown, 1959) .
The acquisition by tadpoles of the biochemical system for the synthesis of urea is thought to mimic in some degree the evolutionary course of nitrogen-excretion mechanisms (Brown & Cohen, 1959b) . The present paper is devoted to a further study of the evolutionary significance of the urea cycle, and an attempt is made to locate sites of enzymic alterations in the vertebrate evolutionary tree.
METHODS AND MATERIALS
The animals used in the present study were from a variety of commercial and private sources. Fresh livers were used. The preparation of liver extracts by the use of the detergent cetyltrimethylammonium bromide (Technical Grade, Eastman Kodak Co.) and the procedures for the enzymic assays have been described in detail previously (Brown & Cohen, 1959a) . With shark liver, the usual assay procedures were modified because of the large amount of urea present in whole extracts of liver. ( The liver of one shark contained approx. 1% of urea.) Urea yields colour with the diacetyl monoxime reagent used for determining citrulline, the final product in the carbamyl phosphate synthetase and ornithine-transcarbamylase assays. The modification consisted of the addition of urease to the incubation medium to remove the interfering urea. A shark-liver pellet was prepared by homogenizing fresh liver in the cold with 10 vol. of iso-osmotic KCl, centrifuging at 4000g for 30 min. (after an initial centrifuging at 600 g to remove nuclei and unbroken cells), washing the pellet twice with iso-osmotic KCI and extracting the pellet with water. Assays were performed on this water extract. Homogenates of lizard and snake liver for arginase assays were prepared in based on wet weight of tissue. The amount of protein (enzyme) employed in the carbamyl phosphate synthetase reaction must be controlled carefully to achieve maximum rates under assay conditions. The course of the reaction for carbamyl phosphate synthetase of an Amphiuma liver as a function of protein concentration is depicted in Fig. 2A . The rate falls off slightly as the protein concentration is increased. A plot of units/ ml. of extract against ml. of extract, as shown in Fig. 2B , affords a linear extrapolation to the value on the ordinate axis of units of enzyme/ml. of extract for infinitesimally small protein concentrations. Linearity of carbamyl phosphate synthetase activity with increasing protein concentration can be obtained only when the reaction has proceeded to a small extent, such as is obtainable at low protein (enzyme) concentrations. Whenever possible it is advisable to compare an extrapolated value as indicated with the value obtained in routine assays. Such a procedure permits selection of an enzyme concentration low enough to afford a linear rate during the assay interval. Only then can valid comparisons be made among enzymes prepared from the livers of different species.
RESULTS AND DISCUSSION
The activities of urea-cycle enzymes in the livers of various vertebrates are tabulated in Table 1 . The data were obtained during the last 2 years and values reported for the various enzymic activities for a given species are not necessarily simultaneous assays for the several enzymes from given specimens of liver. For purposes of comparison with a common laboratory animal, we have included data of simultaneous assays for all the enzymes (except the cleavage enzyme) from five rat livers (Holtzman albino strain) performed in conjunction with studies on regenerating liver (Kim, 1959 The results of a typical experiment for one of the assays are given for illustrative purposes. When Necturu8 liver was assayed for ornithine transcarbamylase, 2-10 pmoles of citrulline were produced in 30 min. at 380 with extract containing 84 ,g. of protein; the amounts of citrulline (in jumole) produced under the following conditions were: boiled enzyme, 0-35; no extract, 0-28; no ornithine, 0-22; no carbamyl phosphate, 0-04 (slight residual activity is attributed to nonenzymic transcarbamylation). The production of citrulline was linear with time over a 40 min. period.
Urea-cycle enzymes have been observed in all species of the Anura, Urodela and Mammalia examined to date. In addition, the painted turtle (terrapin), Chry8emys picta, a representative species of the chelonian reptiles, also possessed these enzymes. Carbamyl phosphate synthetase, the arginine-synthetase system and the argininosuccinate-cleavage enzyme could not be demonstrated in the liver of the timber rattle-snake, Crotalu8 horridus horridu8, and studies with the livers of pigeon and sparrow indicated that the enzymes of the cycle in these were also below the limit of detection by the assay procedures (cf. Grisolia & Cohen, 1953) . These findings are consistent with previous studies on the distribution of ammono-, ureo-and urico-telism among various groups of animals (Needham, 1931; Prosser, 1950) . Thus birds and reptiles, except certain turtles (Moyle, 1949) , are uricotelic, amphibians and mammals are ureotelic and the bony fish, the Teleostei, are ammonotelic. It is known that carbamyl phosphate-synthetase and ornithinetranscarbamylase activities are below the present limits of detection in the livers of the last-named. W. D. Brown and G. H. Burnett, in the authors' Laboratory (unpublished work), could demonstrate the presence of neither carbamyl phosphate synthetase nor ornithine transcarbamylase in acetonedried powders of the livers of Holostei, e.g. the gar pike (Lepidosteus O88eu8 oxyuru8) and the bowfin (Amia calva), nor in the Teleostei, e.g. the perch (Perca flavemcens), the carp (Cyprinus carpio) and the brown trout (Salmo trutta fario).
All of the urea-cycle enzymes could be demonstrated in the livers of rabbits, monkeys, humans, bats, the South American kinkajou and the opossum. The activities of the enzymes of the bats, Eptesicus fuscu8 and Myoti8 lucifugus, were ,especially high. The liver of the former had a value for carbamyl phosphate synthetase of 2130 units/g. Activity could be demonstrated in bat liver that had been immediately frozen and stored at -18°f or 1 week. Elasmobranchs contain a high concentration of urea in the blood which serves in an osmotic sense to maintain near tonicity with sea water (see Baldwin, 1949; Prosser, 1950) . Baldwin (1958) Anderson & Jones (1959) Ornithine transcarbamylase was easily demonstrable in liver preparations from S. 8ucklii. The production of citrulline by a water extract of a potassium chloride-prepared pellet is shown in Fig. 3 . This observation confirms the findings of Brown (1959) and of Baldwin (1958) on the occurrence of this enzyme in elasmobranch liver and demonstrates further the substrate requirements, the heat inactivation of the enzyme and the occurrence of the enzyme in the 4000 g fraction.
The activity of the enzyme as a function of pH in 0-045M-glycylglycine buffer is shown in Fig. 4 . The optimum pH of 8-2 and the general shape of the curve corresponds to that observed by Burnett & Cohen (1957) (Brown & Cohen, 1958 , 1959b . Thus the level of this enzyme again shows a correlation with the degree of metamorphosis which an amphibian undergoes.
Amphiuma means is an eel-shaped, largely aquatic amphibian which possesses miniature paired limbs. The adult Amphiuma is a form which is at a later stage of urodele ontogeny than is Necturus (Noble, 1931) . Two specimens of Amphiuma showed activity of 175 and 238 units/g. for carbamyl phosphate synthetase, somewhat higher than for Nedturus and about equal to that of Ambystoma, but considerably less than that for the Anura. Frogs and toads, which have attained a greater degree of development than other amphibians, exhibited activities from about 700 to 1000 units/g. The last-named values are of the order of those observed in rat liver.
The level of carbamyl phosphate synthetase can be correlated with the extent of amphibian development. Thus the level of this enzyme increases with the extent of development in this order: Necturus, Amphiuma, Ambystoma, Rana -Bufo. Arginase activity of the liver of saurian reptiles. Extracts prepared from the liver of the westem alligator lizard, Gerrhonotus multicarinatus multicarinatus Blainville, showed a low but significant amount of arginase activity. The results of a typical experiment with this animal are given in Table 2 A value of 18-9 + 0 7 units/g. was observed for the liver of this specimen. Omission of the substrate, arginine, from the assay system, boiling of the extract or carrying out the incubation in the presence of urease (to destroy any urea produced) led to a negligible amount of product. A partial dependence upon manganese was also demonstrated. In a similar type of experiment, arginase activity was demonstrated for garter-snake liver, two specimens yielding 56 and 99 units/g. Several species of lizards have now been shown also to possess liver-arginase activity (G. W. Brown & P. P. Cohen, unpublished work). Heretofore such activity was thought to be absent from these vertebrates (Clementi, 1915) .
N-Acetyl-L-glutamate as cofactor for carbamyl phosphate 8yntheta8e. Vertebrate carbamyl phosphate synthetase requires as a cofactor a lowmolecular-weight acyl derivative of L-glutamate (Grisolia & Cohen, 1953) . The following (in ,umoles/ ml.) would not replace N-acetyl-L-glutamate with frog carbamyl phosphate synthetase: acetylglycine, 20; folic acid, 5; p-aminobenzoyl-L-glutamate, 5; glycylglycine, 5; acetamide, 2. The following did not compete with N-acetyl-L-glutamate at comparable levels: acetylglycine; p-aminobenzoyl-Lglutamate; acetamide. The persistence of the requirement for N-acetyl-L-glutamate among the ureotelic vertebrates suggests that carbamyl phosphate synthetase underwent little, if any, structural modification at the active site on the enzyme protein throughout the course of vertebrate evolution.
Nitrogen excretion. In several cases the nitrogen partition of the bladder fluid of certain animals was determined. One specimen of Bufo fowlerei showed 24,umoles of urea/ml. of fluid, corresponding to 98 % of the ammonia nitrogen plus urea nitrogen.
Bladder fluid of two specimens of Bufo marinu8 contained 92-5 and 89-4 % of the total excretory nitrogen (ammonia + urea) as urea nitrogen. The percentage of urea nitrogen in several specimens of Amby8toma tigrinum was between 87 and 97. One bladder-fluid sample from an Amphiuma contained 3-2 and 14 4 jumoles of ammonia and urea respectively/ml. of fluid, corresponding to 90% of excretory nitrogen as urea nitrogen. To our knowledge this is the first report on this nitrogen partition in the urine of this species. The observed nitrogen partitions confirm the view that these amphibians are ureotelic in the adult form.
Evolutionary 8ignificance of the finding8
The acquisition of new enzymes by mutation is considered to play a significant role in the evolution of new species. But the deletion of enzymes (Potter, 1957) must also be considered as contributing to the route for the origin of new species.
Both types of enzymic alterations, when otherwise not lethal, tend to increase the likelihood that such altered forms will extend their ecological niche (or assume a new one). The thesis is advanced that both types of enzymic alterations, i.e. acquisition and deletion, when related to a given function work in concert in serving the overall economy of the organism. For example, we can consider that the deletion of the urea-cycle enzymes but with acquisition, retention and/or augmentation of those enzymes involved in uric acid synthesis permitted a greater freedom from an aqueous, external environment in embryonic life (Needham, 1942) . The possession of asystemforthe synthesis of uric acid may be looked upon as an enzymic preadaptation, which can be brought into play if and when loss of urea synthesis subsequently occurs. This presumably occurred during evolution of the reptiles. On the other hand, loss of a functioning urea-synthesizing system in certain primitive fishes without concomitant enhancement of net uric acid synthesis appears to be responsible for the excretion by the Teleostei of much of their waste nitrogen as ammonia. Teleosts have made inroads, however, on another form of nitrogen excretion, notably that of trimethylamine oxide (Grollman, 1929) .
Although it is not possible at present to consider all of the possibilities of deletion and acquisition of urea-cycle enzymes throughout the sequence of Squamata-< Crocodilia-Aves-Mammalia+ 'o0 0 (Needham, 1931; Baldwin, 1949) . The evolutionary tree, as modified from several sources (Noble, 1931; Romer, 1945 Romer, , 1956 , from piscine ancestors to the higher vertebrates, is shown in Fig. 5 . The picture which emerges is this: at some time there arose primitive fishes, possibly the Placodermi, possessing probably the complement of urea-cycle enzymes; these primitive fishes were derived from ancestors which possessed enzymes of the urea cycle. As depicted elsewhere (Brown & Cohen, 1958; Ratner, 1955) , the urea cycle can operate as such in the intact animal presumably only with the co-operation of four ancillary reactions providing a source of aspartate for the synthesis of argininosuccinate. Thus at least nine enzymes, and presumably at least nine genetic loci, were required before the urea cycle could function as a mechanism for the disposal of ammonia as urea; it seems illogical to assume that these enzymes arose in one evolutionary step, but rather that the evolution of the cycle occurred in stages.
That enzymes of the urea cycle were being exploited in Nature before the evolution of the cycle as a mechanism for the excretion of nitrogen is shown by the widespread occurrence of such enzymes in a variety of plant, animal and bacterial sources (see Brown & Cohen, 1958; Ratner, 1954 Ratner, , 1955 ). It appears likely that the final acquisition of the complement of urea-cycle enzymes was a process involving a series of mutations serving the economy of primitive and diverse forms in various ways. Thus the enzymes preceding arginase in the cycle offer a route for the synthesis of arginine for protein synthesis and for synthesis of creatine and arginine phosphate.
The assignment of an active urea cycle with its complement of enzymes to certain primitive fishes is based upon the ureotelism exhibited by sharks (of Chondrichthyes), which derived at about the same time from the same general stock as did the Actinopterygii (ray-finned fishes) and the Choanichthyes (possessing internal nostrils associated with lung breathing). It is suggested that certain deletions of enzymes of the urea cycle occurred in the evolvement of the Actinopterygii, for the modem Holostei and Teleostei do not possess all of the enzymes of the urea cycle and are ammonotelic. The term deletion is to be interpreted to mean the lowering of enzymic activity to such a level that the urea cycle no longer functions to any significant extent as a system for the disposal of ammonia as urea. In the instances cited, it is not known whether or not the absence of activity can be attributed to the loss of primary genetic information for the synthesis of. individual enzymes. Choanichthyes, the other major subclass of Osteichthyes, is assigned all of the urea-cycle enzymes, as are the later Crossopterygii (Middle Devonian bony fishes) and Labyrinthodontia (primitive amphibians), since higher branches of this stem, e.g. the dipnoans (lungfishes) and amphibians, are ureotelic.
The Cotylosauria ('stem reptiles') are also assigned an active urea cycle since an early branch, the Chelonia, possesses members containing the urea-cycle enzymes, e.g. Chrysemys (cf. Moyle, 1949, for ureotelic species) . The reptilian Pelycosauria and Therapsida, antecedent to Mammalia, are derived from the main stem stock of reptiles and would be thought still to possess the urea-cycle enzymes. Deletions within the stem reptiles are presumed to have occurred, for Aves, Crocodilia and Squamata do not excrete appreciable amounts of urea, nor are they known to possess the complement of urea-cycle enzymes. The assignment of urea-cycle activity in extinct forms can, of course, come only from indirect evidence. Knowledge on the occurrence or absence of urea-cycle enzymes in the livers of species occupying peculiar phylogenetic positions such as the platypus, coelacanths and the New Zealand sphenodon, could provide valuable information.
Emphasis on net uric acid synthesis is presumed to have occurred sometime during early reptilian development, for chelonian reptiles have the ability to excrete their nitrogen as ammonia, urea and/or uric acid, depending upon species (Moyle, 1949; Khalil & Haggag, 1955) and possibly on environment (Clementi, 1952) .
Arginase shows marked persistence throughout the course of vertebrate evolution, for birds (uricotelic) contain arginase in the kidney (Clementi, 1915) , although at a lower activity than is found in the livers of amphibians or mammals. This enzyme is also found in the livers of the Teleostei to varying degrees (Hunter & Dauphinee, 1924) . For 45 years arginase has been thought to be absent from squamatine liver (Clementi, 1915 Prosser, 1950) , and (ii) all experimental evidence for the occurrence of the ornithine-urea cycle in teleosts is negative.
Comments pertaining to acquisition and deletion of enzymes in relation to the occurrence or absence of enzymes in extant vertebrates is not to be confused with the phenomenon of the induction of the urea cycle in tadpoles which takes place during metamorphosis (Brown & Cohen, 1958 , 1959b . The genetic pattern for synthesis of urea-cycle enzymes is present in premetamorphic tadpoles but is not manifested in its entirety until the onset of metamorphosis. It may be thought that the genetic pattern for all urea-cycle enzymes is present in the bird egg but that deletion during ontogeny results in the loss of all of the urea-cycle enzymes (except arginase) sometime before hatching. Such an idea of recapitulation was popular for a while and was based on a graph of nitrogen-excretion products in the developing chick embryo publishedby Needham (1931) . This graph has appeared in at least five other books (Baldwin, 1949 (Baldwin, , 1957 Florkin, 1947; Moody, 1953; Prosser, 1950) . But Needham, Brachet & Brown (1935) long ago concluded, and more recently it has been shown (Eakin & Fisher, 1958; Ricceri, 1957) , that during embryonic development the bird does not go through an evolutionary recapitulation from ammonia to urea to uric acid excretion, with the resulting temporary acquisition of urea-cycle enzymes. The formation of urea in chick embryos finds explanation in the action of arginase on arginine derived from yolk proteins. Gordon (1956) revived this idea of recapitulation and offered evidence for the occurrence of carbamyl phosphate synthetase and ornithine transcarbamylase in 9-day-old chick embryos. An attempt to repeat this experiment in the authors' Laboratory was unsuccessful.
In view of the fact that a low but significant level of arginase activity has now been observed in lizard and snake liver, where previously it was thought to be absent, and because of conflicting reports of arginase activity in adult avian liver (Chaudhuri, 1927; Clementi, 1946) , the status of the occurrence of liver arginase needs to be evaluated again. It is unlikely that such a study would change the general conclusions about the phylogenetic distribution of nitrogen excretion patterns. Studies of this kind, however, might provide information about the nature and extent, and possibly the evolutionary loci, of enzymic alterations which have yielded the excretion patterns in extant species. SUMMARY 1. Activities of urea-cycle enzymes in the livers of a variety of lower and higher vertebrates are presented. All amphibians and mammals studied possessed the urea-cycle enzymes, as did the painted turtle (terrapin), ahrysemy8 picta.
2. The activity of carbamyl phosphate synthetase reflects the extent of amphibian development, showing an increase in activity with greater development.
3. A scheme is presented of the phylogenetic relationships of extinct and extant vertebrate groups with indication of stages in the evolutionary sequence where deletions of urea-cycle enzymes could have occurred.
4. Data are presented on the occurrence of ornithine transcarbamylase in shark liver.
5. Of all the aniimals investigated, bats possessed the highest levels of carbamyl phosphate synthetase.
6. An exception to the rule of Clementi, namely that arginase is absent from the livers of uricotelic animals, has been found. Arginase activity was demonstrated in lizard and snake liver.
We 
